Ghrelin is a 28-amino acid polypeptide that regulates feeding, glucose metabolism, and emotionality (stress, anxiety, and depression). Plasma ghrelin circulates as desacyl ghrelin (DAG) or, in an acylated form, acyl ghrelin (AG), through the actions of ghrelin O-acyltransferase (GOAT), exhibiting low or high affinity, respectively, for the growth hormone secretagogue receptor (GHSR) 1a. We investigated the role of endogenous AG, DAG, and GHSR1a signaling on anxiety and stress responses using ghrelin knockout (Ghr KO), GOAT KO, and Ghsr stop-floxed (Ghsr null) mice. Behavioral and hormonal responses were tested in the elevated plus maze and light/dark (LD) box. Mice lacking both AG and DAG (Ghr KO) increased anxiety-like behaviors across tests, whereas anxiety reactions were attenuated in DAG-treated Ghr KO mice and in mice lacking AG (GOAT KO). Notably, loss of GHSR1a (Ghsr null) did not affect anxiety-like behavior in any test. Administration of AG and DAG to Ghr KO mice with lifelong ghrelin deficiency reduced anxiety-like behavior and decreased phospho-extracellular signal-regulated kinase phosphorylation in the Edinger-Westphal nucleus in wild-type mice, a site normally expressing GHSR1a and involved in stress-and anxietyrelated behavior. Collectively, our data demonstrate distinct roles for endogenous AG and DAG in regulation of anxiety responses and suggest that the behavioral impact of ghrelin may be context dependent. (Endocrinology 159: 388-399, 2018) 
T he orexigenic hormone ghrelin is primarily synthesized by the endocrine X/A-like cells in the oxyntic mucosa of the stomach (1) (2) (3) . Ghrelin is encoded by the preproghrelin gene. During posttranslational processing, proghrelin is acylated at the serine 3 position by the integral membrane-bound enzyme ghrelin O-acyltransferase (GOAT) to form acyl ghrelin (AG) (4, 5) . This fatty-acid modification is unique to ghrelin and required for optimal binding of the peptide to its receptor, the growth hormone secretagogue receptor (GHSR) 1a (5) . Desacyl ghrelin (DAG) is thought to result from incomplete acylation of the peptide and/or deacylation of ghrelin and exists as the predominant isoform of ghrelin in the circulation (DAG and AG exist in a ratio of ;4:1) (6). DAG also can activate GHSR1a in vitro and in vivo, although its potency is significantly reduced when compared with AG (7). However, DAG has been shown to inhibit cell death of primary adult and H9c2 cardiomyocytes and endothelial cells (8) and protect against ischemic neuronal injury of primary cultured rat cortical neurons (9) . Some reports also suggest that DAG regulates glucose metabolism and food intake by GHSR-independent mechanisms (10) (11) (12) . For example, DAG regulates genes involved in glucose and lipid metabolism in liver, fat, and muscle of Ghsr-deficient mice (13, 14) . Despite these intriguing findings, the identification of a DAG-specific receptor remains elusive to date (1) .
In addition to its well-known effects on appetite/ food intake and glucose metabolism, ghrelin is also increasingly recognized for its role in regulating physiological and behavioral stress responses, anxiety, and depression (15) . Both acute and chronic stress increase circulating ghrelin levels in rats and mice in parallel with hypothalamic-pituitary-adrenal (HPA) axis activation (16, 17) . Central administration of AG by intracerebral injection injection or direct injection to the hypothalamus, amygdala, or hippocampus can elicit anxiety-like behaviors (18) (19) (20) . Importantly, GHSR1a is highly expressed in brain regions that control feeding, anxiety, and stress such as the anterior pituitary, hypothalamic arcuate nucleus, amygdala, hippocampus, and EdingerWestphal (EW) nucleus (20, 21) . There is also evidence suggesting that effects of ghrelin on anxiety-and depressive-like behavior may be dependent on prior stress exposure (15, 22) . Spencer et al. (15) reported that Ghr knockout (KO) mice lacking DAG and AG exhibit enhanced anxiety-related behaviors after acute restraint stress but exhibit less anxiety-related behaviors when tested under stress-naive conditions. Moreover, Ghr KO mice have lower corticosterone responses after acute stress despite increased neuronal activation in the paraventricular nucleus (15) . These findings illustrate the complex relationship among ghrelin, anxiety, and stress.
In the current study, we investigated the role of endogenous AG and DAG in regulation of stress responses and anxiety-related behavior. Our data reveal that lifelong exposure to increased levels of endogenous DAG inhibits anxiety-like behavior. Consistent with this, exogenous DAG supplementation has anxiolytic properties in ghrelin-deficient mice. Collectively, our results are consistent with the hypothesis that GOAT activity plays a critical role in dictating the net impact of ghrelin action in the central nervous system (CNS). Furthermore, our results suggest that the role of ghrelin in the modulation of anxiety-like behavior appears to be context dependent.
Materials and Methods

Animals
All studies were approved by and performed according to the guidelines of the Institutional Animal Care and Use Committee of the University of Cincinnati.
Ghsr null mice were obtained from Joel Elmquist and Jeff Zigman (University of Texas Southwestern, Dallas, TX) (23) . The whole-body Ghsr null mice were created using ET cloning and related technologies within EL250 cells (24, 25) , as described previously (23) . The global Ghr KO mice were generated using the high-throughput homologous recombination Veloci Gene technology (26, 27) . The whole-body GOAT KO mice were generated by Taconic Biosciences (New York, NY) as described (5, 28) . All mouse lines mentioned above were maintained and backcrossed on the C57BL/6J background.
Male mice 2 to 4 months of age were used and single-housed with enrichment and huts at the Reading Road Campus, University of Cincinnati, under standard conditions in a temperature-and humidity-controlled room on a 12:12-hour light/ dark (LD) cycle (lights on at 7:00 AM). The mice were allowed ad libitum access to water and standard rodent chow (Teklad; Harlan Laboratories, Indianapolis, IN; 3.1 kcal/g; ;5% fat).
Mouse-handling procedures
Mice were handled as described by Hurst and West (29) and modified by our group (30) . This procedure has been documented to reduce the stress response to routine handling and specific interventions such as intraperitoneal (IP) injections. Briefly, adult mice were single-housed and retrieved by cupping (rather than capture by tail-picking), followed by a period of cupping with ;2 minutes of massage on the dorsum (30) . This was performed for 2 weeks prior to the behavioral testing. The control groups were retrieved by standard tail-picking but housed with like treatment groups (singly with enrichment and huts). To habituate the animals to injection procedures (experiment 4), mock injections were performed daily for 1 week prior to experimentation.
Drug preparation
Stock concentrations of synthetic octanoyl ghrelin/AG (1-28) and DAG (1-28) (CSBio, Menlo Park, CA) were prepared in sterile 0.9% normal saline at a concentration of 5 mg/ mL, aliquoted, and stored at 220°C in a nonfreeze thaw freezer. On the day of experiment, stock was diluted 1 to 10 (0.5 mg/mL) in 0.9% saline, and 100 mL (50 mg) per mouse was injected IP.
Behavioral testing
To minimize background stress associated with negative energy balance, all animals were tested in the nonfasted state.
Elevated plus maze
The elevated plus maze (EPM) is a well-characterized assay of anxiety-like behavior and consists of an elevated platform with two open arms and two arms with walls. Mice were placed on an open arm, facing the center of the maze, and behavior was recorded for 5 minutes. Entries into open arm, time spent in open and closed arms, the number of end explorations, and total distance traveled during the EPM test were quantified (30, 31) . Testing was performed under dim red light. After each trial, the apparatus was cleaned with 20% ethanol.
LD box
The apparatus used for the LD test was divided into two equal-size chambers by a partition with a door. One chamber was brightly illuminated by white light; the other was dark. Mice were placed within the light box, and behavior was recorded for 5 minutes. Latency to enter to the dark box, time spent in light box, and the number of entry times to light box were quantified. After each trial, the apparatus was cleaned with 20% ethanol (32) .
Restraint stress and plasma corticosterone measurement
To assess corticosterone responses to an acute novel restraint challenge, KO mice were placed in well-ventilated 50-mL conical tubes for 30 minutes. The blood was collected and processed as described in the section on blood collection. For analyzing corticosterone responses, tail blood samples were taken at 0 (immediately after placement in restrainers) and 30, 60, and 120 minutes after placement. Animals were removed from the restrainers after the 30-minute bleed, and the 60-and 120-minute time points were restraint-free bleed post-stress measures after being returned to their home cages (33) .
Blood collection for measuring plasma corticosterone concentrations
The distal millimeter of the tail was removed using a sterile scalpel blade and tail blood obtained as previously described (30, 34) . Importantly, each blood sample, collected into EDTA tubes, was obtained within 2 minutes to minimize any increase in corticosterone concentration due to handling stress. Plasma corticosterone concentration was measured using a 125 I RIA kit (MP Biomedicals, Solon, OH) as described previously (30, 34) .
Immunohistochemistry
For assessment of phospho-extracellular signal-regulated kinase (pERK) immunohistochemistry following AG, DAG, or vehicle injection, animals were overdosed with pentobarbital 15 minutes following stress induction (experiment 4). Animals were then perfused transcardially with 13 phosphate-buffered saline (PBS) until blood was clear followed by perfusion with 4% paraformaldehyde/13 PBS for 15 minutes. The brains were postfixed overnight at 4°C in 4% paraformaldehyde/13 PBS, rinsed two to three times with 13 PBS, and cryoprotected in 13 PBS containing 30% sucrose at 4°C until the brains sank in the sucrose solution. Brains were frozen to 220°C on sliding microtome and sectioned at 30 mm, collected sequentially in a series of six, and placed in cryoprotectant consisting of 10% polyvinyl-pyrrolidone (molecular weight 40,000), 30% sucrose in 500 mL of 13 PBS, and 300 mL of ethylene glycol. Each tissue block for immunocytochemistry was serially cut as described above and labeled for pERK immunohistochemistry (catalog no. 9101; Cell Signaling Technology; Research Resource Identifier: AB_331646). Every sixth section over the full rostral to caudal extent of the nucleus or region of interest was incubated first in 1% sodium borohyhdride in 13 PBS for 30 minutes, followed by rinsing six times for 5 minutes in 13 PBS, incubated in 3% hydrogen peroxide in 13 PBS for 10 minutes, rinsing six times for 5 minutes in 13 PBS, followed by additional rinses in 13 PBS four times for 15 minutes. Sections were then incubated in 13 PBS containing 4% goat serum with 0.4% Triton X-100 and 0.2% bovine serum albumin (BSA) for 2 hours to block nonspecific binding, followed by rabbit antipERK antibody diluted 1:4000 in blocking solution consisting of 13 PBS containing 4% goat serum with 0.4% Triton X-100 and 0.2% BSA overnight at room temperature. After overnight antibody incubation, sections were rinsed in 13 PBS, three times for 5 minutes, incubated in biotinylated goat anti-rabbit IgG secondary antibody diluted 1:400 in in blocking solution consisting of 13 PBS containing 4% goat serum with 0.4% Triton X-100 and 0.2% BSA for 1 hour, incubated in avidinbiotin complex diluted 1:800 in 13 PBS Vectastain ABC Elite Standard for 1 hour (Vector Laboratories, Burlingame, CA), and rinsed three times for 5 minutes in 13 PBS, followed by color development using 0.05% diaminobenzidine tetrahydrochloride (catalog number D5905; Sigma-Aldrich) solution containing 0.002% H 2 O 2 for 8 minutes.
Image capture
The Paxinos and Franklin atlas (35) was used to define the paraventricular nucleus (20.58 to 20.94 mm from bregma), arcuate nucleus (21.46 to 21.94 from bregma), nucleus tractus solitarius (NTS; 27.32 to 27.92 from bregma), and EW (23.16 to 23.64 from bregma). Sections of brains stained for pERK were imaged with a 103 objective on an Imager Z1 microscope (Carl Zeiss, Thornwood, NY). Quantitative analysis of the number of pERK-positive neurons within the brain regions specified were individually counted using the Zeiss Axiovision analysis software interactive measuring program (Carl Zeiss). Bilateral cell counts by a researcher blinded to the animals were conducted, group identification was obtained, and counts from each side combined for analysis. Immunopositive cells were counted from an average of three sections per animal, representing 540 mm in extent for each of the regions examined.
Experimental Design and Timeline
Experiment 1: effect of endogenous AG on anxiety-like behavior and stress
Cohorts of Ghr KO C57BL/6J mice and their wild-type (WT) littermate controls were divided into the nonhandled (n = 20) or handled (n = 20) groups and underwent behavioral testing ( Fig.  1 ). As described in the Materials and Methods, mice received 2 weeks of handling prior to behavioral and stress testing. Mice received sequential exposure to the EMP, LD box, and restraint stress, with 1-week intervals between tests. Nonhandled mice underwent behavioral testing in the same sequence as the handled mice without the prior handling experience. All of the behavioral experiments were performed between 9:00 AM and 1:00 PM. For the restraint challenge, tail blood was collected as noted previously.
Experiment 2: effect of ghrelin receptor on anxiety-like behavior and stress
Cohorts of Ghsr null C57BL/6J mice (n = 9) and WT littermate controls (n = 9) underwent training, behavioral testing, and stress challenge in the same sequence and time course described in experiment 1 (Fig. 1) . All of the behavioral experiments were performed between 9:00 AM and 1:00 PM.
Experiment 3: effect of endogenous DAG on anxiety-like behavior and stress
Cohorts of GOAT KO C57BL/6J mice (n = 9) and WT controls (n = 9) underwent training, behavioral testing, and stress challenge in the same sequence and time course described in experiment 1 (Fig. 1) . All of the behavioral experiments were performed between 9:00 AM and 1:00 PM.
All mutant models and their littermate controls in experiments 1, 2, and 3 were between 3 and 4 months of age at the start of behavioral testing.
Experiment 4: effects of exogenous AG and DAG on anxiety-like behavior and stress
To specifically assess the effects of exogenous AG and DAG, 8-week-old male (C57BL6/J) Ghr KO mice and their WT littermates (n = 12) naive to either drug treatment or behavior intervention were handled for 2 weeks and subsequently received mock injection training for 5 days. On the sixth day, mice received injections of synthetic mouse AG or DAG or vehicle (0.9% saline) at doses of 50 mg/mouse or saline at 8:30 AM on experimental day by IP injection. This dose was chosen because it reliably increases food intake in C57BL6 mice in our laboratory (data not shown). At 15 minutes post-peptide/saline infusion, animals were placed in an EPM using the procedure described previously. Mice was euthanized by pentobarbital overdose 15 minutes after the stress test and perfused with saline followed by 4% paraformaldehyde to assess CNS pERK expression level (Fig. 1 ).
Mice were 8 weeks old when we began handling them for 2 weeks and 1-week mock injection. They were 11 weeks old when they were administered the drugs and exposed to the EPM test.
Statistical analysis
Data are shown as mean 6 standard error of the mean (SEM). Behavioral data from EPM and LD were analyzed by unpaired Student t test for experiments 2 and 3. If the data did not pass equal variance test, the Mann-Whitney rank-sum test was used. Two-way analysis of variance with Fisher least significant difference (LSD) post hoc tests was used to determine statistical significance between treatment and genotype for experiments 1 and 4. Corticosterone data were analyzed with two-way repeated-measures analysis of variance followed by Fisher LSD post hoc test. All statistical analyses were performed using Sigma Plot version 13. Potential outliers were determined using two different tests: (1) outliers were values that differed from the mean by .1.96 times the standard deviation, and (2) outliers were values that were below the lower quartile or above the upper quartile by .1.5 times the interquartile range (36, 37) . A positive identification by both outlier tests was required before a value was removed from the analysis. Statistical significance was taken as P # 0.05.
Results
Ghr KO mice exhibit increased anxiety-like behavior Observations in prior experiments by animal handlers in our laboratory suggested that Ghr KO mice did not habituate to handling, showing persistent struggling, urination, and defecation despite repeated handling (relative to WT controls). This led us to hypothesize that these animals would have impaired habituation to handling procedures, manifested as increased anxietylike behavior. Therefore, behavioral responses to EPM ( Fig. 2A-2C ) and LD (Fig. 2D) were assessed in both handled and nonhandled Ghr KO and WT male mice. Ghr KO and WT mice that were nonhandled showed no difference in the time spent in the open arm ( Fig. 2A) , open-arm end exploration times (Fig. 2B) , total distance traveled during EPM test (Fig. 2C) , or time spent in the light box in the LD test (Fig. 2D) . Consistent with the effect of handling that we and others previously reported (29, 30, 38) , the open-arm time and the end exploration counts were higher in the handled than the nonhandled WT mice (P , 0.001 for both), whereas no difference was seen in the Ghr KO mice (P = 0.28 for open-arm time and P = 0.93 for end exploration) ( Fig. 2A and 2B ). These data showed that handling had an anxiolytic-like effect in the WT mice but not in the Ghr KO mice. Consistent with this finding, Ghr KO mice that were handled demonstrated decreased time spent in the open arm (P , 0.01) and end exploration times (P , 0.01) in the EPM test as compared with the handled WT mice ( Fig. 2A and 2B) . As for the LD box test, we observed a trend toward a significant difference in time spent in the light box between the handled and nonhandled WT mice (P = 0.09), but no difference was seen in the Ghr KO mice (P = 0.34). When the genotypes were compared, the handled Ghr KO mice spent significantly less time in the light box than the handled WT mice (P , 0.001) (Fig. 2D) . No differences were seen between the Ghr KO and WT mice in the total distance traveled in EPM (Fig. 2C) , indicating that overall exploratory/ food-seeking behavior and general activity level were not affected. Because handling relieved floor effects seen in WT groups exposed to anxiogenic stimuli, only Figure 1 . Timeline of the experimental design. (A) All genetically modified male mice of experiments 1, 2, and 3 [Ghr KO (n = 10), Ghsr null (n = 9), and GOAT KO (n = 9)] were handled for 2 weeks. Initially, a cohort of Ghr KO and their littermate WT controls were tested to compare handling vs nonhandling. As depicted, the mice underwent a sequence of tests for anxiety-like behavior: EPM and LD box test followed finally by restraint for 30 minutes and euthanasia at 120 minutes. Blood was collected every 15 minutes during restraint for 120 minutes to measure corticosterone level. (B) Ghr KO mice and their WT littermates were handled for 2 weeks followed by mock injections plus handling daily for 1 week prior to the experimental injection. Mice were injected with saline/DAG/AG (12 per group) and tested for anxiety-like behavior in the EPM followed by euthanasia at 15 minutes to study pERK expression, respectively. handled mice were used in subsequent behavioral experiments described later.
Reduced anxiety-like behavior in GOAT KO mice
Next, we tested GOAT KO mice for behavioral stress responses. GOAT KOs lack AG, but have elevated DAG in the circulation (39) . We found that deletion of GOAT caused a decrease in anxiety-like behavior as compared with WT mice, reflected as increased time spent in the open arm [t(16) = 22.90; P , 0.01 vs WT mice] (Fig. 3A) , increased total distance traveled in the EPM [t(16) = 22.30; P , 0.01 vs WT mice] (Fig. 3C) , and increased time spent in the light chamber of the LD box [t(16) = 2.16; P , 0.01 vs WT mice] (Fig. 3D) these findings are consistent with a decreased anxiety/ stress phenotype.
Lack of distinct anxiety-like behavioral changes in
Ghsr null mice Unlike the Ghr KO mice, handled animals having impaired ghrelin signaling (Ghsr null) did not exhibit enhanced anxiety-like behavior in the open field test (Fig. 4A and 4B) or the LD box test (Fig. 4D) . A modest decreases in total distance traveled in EPM was noted in the Ghsr null mice as compared with the WT [t(15) = 2.10; P , 0.01] (Fig. 4C) . Perhaps this suggests a decrease in general activity level.
HPA response to acute stress in ghrelin mutant mice HPA axis activation during and following acute restraint stress was assessed in the Ghr KO, GOAT KO, and Ghsr null mouse models. First, in nonhandled animals, there is a significant genotype-by-time interaction [F(3, 67) = 5.11; P = 0.004]. The corticosterone response to restraint was greater at 30 minutes poststress in the Ghr KO mice as compared with the WT (P , 0.05, Fisher LSD) (Fig. 5A) . This difference was not observed in the handled animals (Fig. 5B) . When we assessed the Ghsr null group, we found a significant effect of genotypes [F(1, 67) = 9.05; P = 0.008] and significant effect of time [F(3, 67) = 53.58; P , 0.001] on corticosterone secretion. Handled Ghsr null mice had higher plasma corticosterone at 60 and 120 minutes compared with the WT (P , 0.05, Fisher LSD) (Fig. 5C ). We did not see any marked difference between the corticosterone levels in GOAT KO and WT handled (Fig. 5D ).
Exogenous DAG/AG decreases anxiety-like behavior in Ghr KO mice
To test the effect of DAG and AG on anxiety-like behavior in naive animals, we injected DAG, AG, or saline IP to groups of Ghr KO mice and littermate WT control mice (N = 12 per group) 15 minutes before the 5-minute EPM testing. There was a significant genotypeby-treatment interaction effect on open-arm time [F(2, 72) = 5.72; P = 0.005] (Fig. 6A) . Saline-treated Ghr KO showed reduced open-arm times relative to controls (P , 0.05, Fisher LSD post hoc) (Fig. 6A) . However, anxietylike behavior (open-arm avoidance) was reduced in Ghr KO mice following either DAG or AG injection, respectively (P , 0.05, Fisher LSD post hoc) (Fig. 6A) .
Total distance traveled in EPM revealed a significant effect of treatment [F(2, 73) = 3.43; P = 0.038). DAGtreated Ghr KO mice also showed a slight increase in distance traveled in the maze, consistent with either decreased inhibition of exploratory behavior or a druginduced increase in locomotion (P , 0.05, Fisher LSD post hoc) (Fig. 6C ).
Differential effects of AG and DAG on pERK expression following EPM
We assessed pERK expression to examine the effect of ghrelin treatment on neuronal activity in the CNS. Quantitative analysis of the number of pERK-positive neurons revealed that there was a significant treatmentby-genotype interaction [F(2, 30) = 3.59; P = 0.042] (Fig. 7) . pERK expression was decreased in WT mice that received DAG in the EW nucleus relative to saline controls (P = 0.05, Fisher LSD post hoc) (Fig. 7) . There was a significant treatment effect on pERK expression in the NTS [F(2, 31) = 6.00; P = 0.01]. pERK expression was decreased in the NTS region of AG-treated animals compared with those receiving DAG in both WT and Ghr KO mice (P = 0.05, Fisher LSD post hoc) (Fig. 8 ).
Discussion
Our results provide evidence for a role of endogenous DAG in limiting anxiety-related behavior in mice. Removal of all forms of ghrelin (Ghr KO) prevented the a Significant difference between saline-treated Ghr KO vs saline-treated WT (P , 0.05); b,c significant differences between ghrelintreated Ghr KO vs saline-treated Ghr KO (P , 0.05). (B) There were no noteworthy differences in end exploration time between either genotype or treatment. (C) DAG-treated Ghr KO mice traveled longer distances than saline-treated Ghr KO mice.
a Difference between DAG-treated Ghr KO vs Ghr KO mice receiving saline (P , 0.05).
anxiolytic effect of handling on anxiety-related behaviors, whereas deletion of GOAT (high concentrations of DAG from acylation block) had an anxiety behaviorreducing impact. Moreover, acute injections with DAG reduced anxiety-related behavior in Ghr KO mice, indicating that DAG plays an anxiolytic role in these animals. Mice that lack Ghsr had no clear anxiety-related phenotype, further suggesting that DAG effects are not mediated by the canonical AG signaling pathway. Consistent with these findings, peripheral administration of DAG decreased pERK phosphorylation in the EW nucleus in WT mice, a region both high in GHSR1a expression and involved in the control of anxiety-related behavior. Together, our data support a role for DAG in the processing of emotional behaviors.
Our results indicate that handling of animals prior to testing (habituating the response to being physically manipulated by the investigator) is important in dictating the net impact of AG/DAG on physiology and behavior. As we previously reported, handled animals have lower basal and stimulated plasma corticosterone levels than the nonhandled animals (30). In the current study, the proanxiety phenotype of Ghr KO mice was only revealed after handling, a maneuver that preferentially reduces anxiety-like behavior in the handled control group. It is also important to note that the handling procedure served to establish not only a consistent behavioral phenotype across controls in the various testing paradigms, but also stabilized corticosterone responses to restraint (Fig. 5B-5D) . Indeed, the cupping method pioneered by Hurst and West (29) , if applied routinely, could improve interexperimental and intraexperimental reproducibility (40) . Our data suggest that training both reduces variability of the data and unmasks behavioral phenotypes. We therefore elected to study the role of endogenous ghrelin and GHSR in the regulation of anxiety-related behavior under the stress-minimizing conditions such as handling. Although both AG and DAG are mainly produced in the stomach, once in the circulation, they can cross the blood-brain barrier to exert effects in the CNS, including regions that are involved in the regulation of anxiety and behavior (41) . Although AG is considered the active isoform, DAG is the predominant ghrelin isoform in plasma (2, 42) . In vitro studies demonstrate markedly reduced potency of DAG to activate the GHSR1a, estimated to be ;10 3 less than for AG (40) . This has led to the assumption that the biological effects of DAG are independent of GHSR (43, 44) and, therefore, likely via a unique DAG-specific receptor yet to be identified. However, recent in vitro and in vivo evidence demonstrates that DAG can recapitulate the well-known AG effects on energy balance by acting on brain GHSR1a (7). Moreover, DAG can exert its physiological function via GOAT and GHSR1a, as demonstrated by Hopkins et al. in bone marrow adipocytes (45) . It is also possible that DAG could act through GHSR1a in a cell-specific manner (e.g., certain cells may increase the affinity of DAG for GHSR1a by interacting with an intermembrane docking protein or an intracellular protein) (i.e., the receptor activity-modifying proteins). This speculation and the premise of the existence of a DAG receptor will require rigorous scientific validation. Future experiments using exogenous DAG administration in Ghsr null may clarify whether DAG has an effect on behavioral responses that are independent of GHSR. Relevant to this question, GHSR can not only be constitutively active in the absence of ghrelin (46) , but also can dimerize with the dopamine 1 and 2 receptors (47, 48) , the melanocortin-3 receptor (49), the serotonin 2C receptor (50) , and others, resulting in a modulation of function of both dimerized receptors. Although, in some cases, the ghrelin peptide is not required for these modifications to occur, in others, the presence is necessary for these changes to take effect (51) . In both the GOAT KO and Ghr KO models, the only known endogenous ligand for GHSR is absent. Thus, we cannot rule out the possibility that unliganded GHSR may contribute to our behavioral phenotype.
A recent report by Stark et al. (52) showed that chronic administration of DAG decreases anxiety-related behavior following stress exposure. However, DAG was anxiogenic under unstressed conditions, suggesting that the effects of DAG are context specific. It is likely that these differences are related to long-term exposure to DAG in the study by Stark et al. (52) , which may have had lasting actions on brain circuitry regulating anxiety behavior. Alternatively, differential effects of DAG in our two studies may be due to our handling procedure, which may have reduced reactivity to the novel environment in our control groups. In addition, our study suggests that Ghr KO is anxiogenic in handled animals. Prior studies suggest that Ghr KO only reduces anxiety-related behaviors in the context of an acute stressor (53) . Moreover, Stark et al. (52) indicate that GOAT KO produces a stress-dependent increase in anxiety related-behaviors, whereas our data indicate anxiolytic actions of GOAT depletion under stress-minimized conditions. Another example of the context-dependent behavioral phenotype in the literature can be found in the study by Lutter et al. (22) , in which ad libitum-fed Ghsr null mice and WT littermates performed similarly in the EPM. It was only after calorie restriction that the WT mice demonstrated a relatively anxiolytic-like behavior, whereas the Ghsr null mice did not. Calorie restriction in the study by Lutter et al. (22) unmasked differences in anxiety-related behavior in the Ghsr null mice vs WT littermates, just as the long-term handling regimen in the current study unmasked differences in anxiety-related behaviors in Ghr KO vs WT groups. Collectively, these results suggest that DAG acts to modulate behavior and HPA axis function in a context-dependent fashion. Stress appears to flip the impact of DAG from anxiolytic (our study) to anxiogenic (52) . Moreover, our data suggest that a stress-reduction regimen reveals an anxiolytic action of DAG not observed in (what we assume to be) conventionally handled mice. These context-dependent actions of DAG indicate that the peptide plays a modulatory rather than primary causal role in control of behavioral reactivity to anxiogenic stimuli.
A direct effect of exogenous AG in modulating anxiety-like behavior in rodents has been proposed by several investigators, but both anxiolytic and anxiogenic effects have been reported (15, 18, 53) . Acute intracerebral injection of AG elicits increased anxiety-like behavior when tested minutes following the injection (18), whereas anxiolytic actions are observed upon IP injection (53). Lutter et al. (22) also showed that subcutaneous ghrelin injection in ad libitum-fed mice reduced anxiety-like behavior. These effects were not seen in the Ghsr null mice. In our study, under basal, stressminimized conditions, we did not observe any change in anxiety-like behavior 15 minutes following IP injection of AG in WT mice during EPM testing. Taken together, the evidence suggests that the effects of DAG and AG to influence stress and anxiety-like behaviors may be similarly dependent on the testing conditions.
Our data are consistent with a dissociation between effects of DAG and AG on behavioral and physiological stress responses under stress-minimized conditions. In handled animals, there was no effect of Ghr or GOAT deletion on corticosterone responses following 30 minutes of restraint, suggesting the loss of AG did not affect endocrine stress reactivity in parallel with behavioral anxiety after handling. It is important to note that unhandled Ghr KO mice had higher HPA axis responses to restraint relative to WT mice, suggesting that unlike the floor effect in open-arm time seen for anxiety responses, hormonal responses are not maximal in the absence of handling. Moreover, corticosterone responses to stress are reduced to equivalent levels by handling in both Ghr KO and control mice, indicating that the Ghr KO mice can reduce HPA reactivity because of handling. Interestingly, Ghsr null mice have an exaggerated HPA axis response to stress with no accompanying anxiety-related phenotype, suggesting a role for AG in modulation of stress responsivity. Taken together, our data suggest that ghrelin effects on behavior and HPA axis responsiveness are differentially regulated.
We also assessed pERK phosphorylation, a downstream indicator of GHSR activation, in different brain regions in WT and Ghr KO animals receiving DAG and AG IP injections. We found that administration of DAG reduced stress-induced pERK only in the EW nucleus in the WT but not in the Ghr KO mice (Fig. 7) , whereas the anxiolytic effect of DAG treatment on behavior was seen only in the Ghr KO animals (Fig. 6A) . We speculate that these discrepancies could be due to Ghr KO mice exhibiting a phenotype that reflects a primordial, lifelong absence of ghrelin. This lack of ghrelin presence in the system could lead to altered sensitivity of the receptor to the ligand or the neurons to the stimuli (of DAG) and other compensatory changes.
In summary, we undertook a comprehensive approach to evaluate the role of endogenous ghrelin in the regulation of anxiety-like behavior and stress response using three genetic mutant models and pharmacological manipulations. Our data suggest that AG and DAG play important and dissociable roles in control of stress and anxiety. Given the need to inhibit anxiety reactions and promote foraging behavior, it is possible that the stress/ anxiety-buffering effects of DAG (and perhaps AG) are related to the well-characterized effects of ghrelin on hunger to maximize energy intake and survival. Additional research will be required to decipher the molecular mechanisms that differentiate AG from DAG effects in vivo and to determine whether these mechanisms interface with other more classical hormonal actions of ghrelin (51) .
